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Abstract
Pavement breakers are used to break rigid pavements and obtain a suitable foundation for new top layers or to enable
pavement removal. The operation of falling weight pavement breakers generates high levels of ground vibration
which is potentially damaging to nearby buildings and infrastructure. A numerical model for the prediction of ground
vibration generated by pavement breaking is presented in this paper. First, the impact load due to a single blow of a
falling weight pavement breaker is estimated by means of a simplified model of the hammer, the pavement, and the
underlying soil. The predicted impact load is in good agreement with experimental results, which have been estimated
from measured accelerations of one of the hammers of a pavement breaker. Second, the response of the pavement
and the soil due to the impact load is considered. In order to account for inelastic soil behaviour and slab uplifting,
a non-linear model of the coupled road-soil system is developed. Predictions of ground vibrations generated by the
operation of a multi-head pavement breaker are validated by comparison with experimental results. A relatively good
agreement is obtained between the results of the non-linear model and measured ground vibration. Comparison with
results obtained with a linear model shows that disregarding non-linear phenomena leads to significant overestimation
of the ground vibration levels close to the source, whereas similar results are obtained at larger distances.
Keywords: pavement breaking, ground vibration, falling weight impact, non-linear dynamic soil-structure
interaction, construction induced vibration
1. Introduction
Pavement breaking is commonly performed to enable the removal of rigid pavements or as a first step in road
rehabilitation before pavement overlay. One of the main concerns in the operation of falling weight pavement breakers
is the high level of ground vibration generated by the impacts of the drop hammers. Close to the location of operation,
the peak particle velocity (PPV) in the soil can exceed 5 mm/s which is considered as the lower limit for architectural
damage. For this reason, pavement breaking is considered as one of the most important anthropogenic vibration
sources [1], together with pile driving, demolition activities, and blasting [2].
The fear for damage to buildings and underground infrastructure such as pipelines [3] prohibits the employment
of pavement breakers in many practical situations. In order to better understand and control the risks involved, a
good estimate of ground vibration levels is crucial. Up to now, such estimations are mainly based on empirical data
and therefore limited to the type of equipment, pavement, and soil for which data are available. Within the frame
of the present paper, a numerical model is presented which allows for predictions for a wider range of parameters.
The model is validated by comparison with measurements which have been performed along the N9 motorway in
Waarschoot (Belgium), where a multi-head breaker (MHB) has been used to transform the rigid pavement into a
suitable foundation for a new asphalt top layer (figure 1). The acceleration of one of the drop hammers was measured
simultaneously with accelerations of the concrete slab and the soil’s surface at various distances from the source.
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Figure 1: Multi-head pavement breaker used for fracturing of the concrete roads.
The outline of this paper is as follows. Section 2 deals with the prediction of the impact load due to a single blow
of the pavement breaker. The load is predicted by means of a simplified model of the hammer, the pavement, and the
underlying soil. The predicted impact load is compared to experimental results, obtained from measured acceleration
of one of the hammers of the pavement breaker. In section 3, the response of the pavement and the soil is predicted
and validated by comparison with experimental ground vibration results. In order to account for inelastic behaviour
of the soil and separation between the concrete slabs and the soil, a non-linear model of the coupled road-soil system
is developed.
2. Prediction of the impact load
2.1. Introduction
Impact loads from sources such as pile driving [4], dynamic soil compaction [5, 6, 7], hammers and presses [8]
are frequently studied using simple models consisting of rigid masses, dashpots, and springs. The impact of a rigid
body on an elastic halfspace was studied theoretically and experimentally by Bycroft [9]. Chow et al. [10] have
developed a one-dimensional (1D) finite element (FE) model for the simulation of pounder deceleration in dynamic
soil compaction. The prediction of the impact load generated by a pavement breaker requires an accurate estimation
of the flexibility of the pavement, accounting for the interaction with the underlying soil. In the following, a simplified
model of the coupled system of pavement and soil is presented which allows limiting the computational cost of the
simulation.
2.2. Impact model
The problem considered for the prediction of the impact load involves a hammer released at time t = 0 from a
height h, impacting the pavement at time t0 =
√
(2h)/g, where g denotes the gravitational acceleration. Since the drop
hammer is much stiffer than the pavement [11], it is simplified as a rigid mass in the impact analysis. Before the impact
(0≤ t < t0), the vertical acceleration of the drop hammer u¨d(t) =−g, leading to an impact velocity v0 = u˙d(t0) =−gt0
or v0 =−
√
2gh in terms of the drop height h. During impact, the drop hammer is subjected to the impact force fd(t)
and the gravitational force, so that the equation of motion becomes:
fd(t)−md g = md u¨d(t) for t0 ≤ t ≤ t0 + td (1)
which is valid from t0 until t0+ td, at which the mass rebounds from the pavement and the impact ends. During impact,
the drop hammer exerts an opposite contact force on the pavement, i.e. fc(t) =− fd(t). Since the acceleration of the
drop hammer during the impact is much larger than the acceleration of gravity, the corresponding term in equation (1)
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is omitted next. Once the acceleration u¨d(t) has been computed, the contact force fc(t) applied to the pavement can
therefore be calculated from the acceleration of the drop hammer as:
fc(t) =−md u¨d(t) for t0 ≤ t ≤ t0 + td (2)
The contact force fc(t) is related to the displacement of the pavement at the contact point uc(t) through the dynamic
stiffness of the system composed of pavement and underlying soil. This relation is written in the following general
form:
fc(t) =
∫ t
t0
S(t− τ)uc(τ)dτ (3)
where S(t) represents the dynamic stiffness of the coupled system [12]. When both systems are in perfect contact
during the impact, uc(τ) can be replaced by ud(τ) in equation (3). Introducing the resulting expression for the contact
force fc(t) in equation (2) leads to the following integro-differential equation for the drop hammer displacement ud(t):
∫ t
t0
S(t− τ)ud(τ)dτ =−md u¨d(t) for t0 ≤ t ≤ t0 + td (4)
which needs to be solved with initial conditions ud(t0) = 0 and u˙d(t0) =−gt0.
The dynamic stiffness S(t) represents the stiffness of the system composed of pavement and soil. By analogy with
models developed for the dynamic response of flexible foundations, a linear model of a finite sized plate coupled to
a layered halfspace model for the soil can be adopted for calculating the dynamic stiffness of the coupled system.
The corresponding linear dynamic soil-structure interaction problem is solved efficiently in the frequency domain
using coupled finite element - boundary element (FE-BE) methods. This has the additional advantage of transforming
the convolution on the left hand side of equation (4) into a multiplication. For this reason, an equivalent frequency
domain formulation of equation (4) with initial conditions ud(t0) = 0 and u˙d(t0) =−gt0 is considered here. A pseudo-
force p(t) is introduced in equation (4) to account for non-zero initial conditions in the frequency domain analysis,
following a procedure proposed by Humar [13], Clouteau and Aubry [14], and Martins et al. [15]. In the present case
where only the initial velocity is different from zero, the pseudo-force required to produce a change in impulse from
0 to mdv0 from t = t−0 to t = t
+
0 is equal to:
p(t) = md v0 δ(t− t0) (5)
where δ(t) is the Dirac delta function. Since the left hand side of equation (4) contains the force applied to the
pavement, the pseudo-force is introduced with opposite sign to obtain the equivalent formulation of the problem with
zero initial conditions ud(t−0 ) = 0 and u˙d(t
−
0 ) = 0:
∫ t
t0
S(t− τ)ud(τ)dτ−md v0 δ(t− t0) =−md u¨d(t) for t0 ≤ t ≤ t0 + td (6)
In the frequency domain, equation (6) reads as:
ˆS(ω) uˆd(ω)−md v0 = md ω2 uˆd(ω) (7)
where ω is the angular frequency and a hat above a variable denotes its representation in the frequency domain.
Solving for uˆd(ω) and introducing the solution in equation (2), transformed to the frequency domain, gives the impact
force:
ˆfc(ω) = m
2
d ω
2 v0
ˆS(ω)−md ω2
(8)
Since the impact has a very short duration in the order of 1 ms, the corresponding impact force has a broad band
spectrum extending up to a few kHz. This implies that the dynamic stiffness of the pavement ˆS(ω) is needed up to
very high frequencies, requiring a significant computational cost. During the short duration of the impact, however,
stress waves generated by the impact will only travel a limited distance, suggesting that the finite lateral dimensions
3
of the slab will not have a major impact in the high frequency range. In the present work, the finite sized plate is
therefore replaced by an elastic layer of infinite lateral dimenions and integrated in the layered elastic halfspace model
representing the soil. Such systems can be analyzed very efficiently using the direct stiffness method [16, 17, 18].
In the following, the dynamic stiffness ˆS(ω) of the pavement is therefore computed considering a layered elastic
halfspace model representing the pavement and the soil, subjected to a force uniformly distributed over a disc which
represents the impact surface.
2.3. Model parameters
The simplified impact model is now applied to predict the impact load of the drop hammers of the MHB. For
verification of the model, use is made of the measured acceleration of one of the hammers of a multi-head pavement
breaker. The parameters of the MHB, the pavement, and the soil, adopted in the calculations, are briefly presented
next.
2.3.1. Properties of the drop hammers
The drop hammers of the MHB are four steel cylinders with a diameter of 0.30m, a height of 1.0m, and a mass
md = 600kg (figure 1). The MHB can release the drop hammers from two different heights of 1.3m and 1.8m; a
height h = 1.8m is considered here. During its fall, the drop hammer has to return the hydraulic jack of the MHB to
its original position which prevents the free fall of the drop hammer and reduces the impact velocity to v0 = 5.5m/s,
about 92% of the free fall velocity (√2gh = 6m/s). Since the bottom of the drop hammer is not completely flat, the
impact footprint has a smaller diameter df = 0.13m than the steel cylinders. After the impact, a small rebound of the
drop hammer occurs and a mechanism in the MHB prevents a second impact.
2.3.2. Dynamic characteristics of the concrete road
The N9 motorway is composed of concrete slabs with a width 2B = 2.85m, a thickness tr = 0.20m, and different
lengths ranging from 4m up to 12m. The following mechanical properties of the concrete have been obtained from
three core samples [19] according to Eurocode 2 [20]: mean compressive strength of the standard cylindrical sample
fcm = 78MPa, dynamic modulus of elasticity Ec = 43000MPa, density ρc = 2400kg/m3, and Poisson’s ratio νc =
0.20. From these parameters, a shear wave velocity Cs = 2732m/s and a dilatational wave velocity Cp = 4462m/s
are computed. A damping ratio βs = βp = 0.03 for both the shear and dilatational waves is assumed. In the simplified
model considered for the estimation of the impact load, the concrete pavement is integrated in the layered elastic
halfspace model of the soil.
2.3.3. Dynamic soil characteristics at small strains
Borehole data reveal the presence of mostly sandy soils near the measurement site. The dynamic soil character-
istics have been identified by means of in situ geophysical tests. Three methods have been combined to determine
the shear and dilatational wave velocities Csand Cp and the material damping ratios βs and βp: the seismic refraction
method, the active Spectral Analysis of Surface Waves (SASW) test, and the passive SASW test [21]. Table 1 summa-
rizes the thickness t and identified soil parameters of each layer. Poisson’s ratio ν has been computed from the shear
and dilatational wave velocities. The soil density ρ, critical state friction angle φ′cv, and dilatancy angle ψ of the first
four layers are obtained from the data of six Cone Penetration Tests (CPT) near the measurement site [22, 23]. The
density of the deeper layers is assumed to be equal to ρ = 2000kg/m3.
Bolton and Wilson [24] have found from cyclic tests on sand that the stiffness and damping of the soil are indepen-
dent of the strain rate. Therefore, the identified soil parameters in table 1 are not modified and used in the following to
validate a numerical model for the estimation of the impact load and for the prediction of ground vibrations generated
by pavement breaking.
2.4. Verification of the simplified model
The dynamic stiffness ˆS(ω) obtained from the simple horizontally layered halfspace model is now verified by
means of a 3D coupled FE-BE which considers the finite lateral dimensions of the concrete slabs. The BE formulation
is based on the Green’s functions of a horizontally layered halfspace. A slab with a width 2B = 2.85m and length
2L = 4.60m is considered in the 3D model and modelled by means of 48× 70 4-node shell elements with 6 DOFs at
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Table 1: Dynamic soil characteristics at the measurement site in Waarschoot.
Layer t Cs Cp ν ρ βs and βp φ′cv ψ
[m] [m/s] [m/s] [−] [kg/m3] [−] [deg] [deg]
1 1.8 159 562 0.46 1920 0.031 33 9
2 1.8 159 562 0.46 1920 0.031 37 11
3 2.3 159 1465 0.49 1860 0.038 33 3
4 2.2 240 1465 0.49 2000 0.039 39 9
5 4.1 240 1579 0.49 1960 0.040 - -
6 4.0 250 1829 0.49 2000 0.040 - -
7 2.7 255 2000 0.49 2000 0.040 - -
8 7.4 328 2000 0.49 2000 0.040 - -
9 12.5 400 2000 0.48 2000 0.040 - -
Halfspace ∞ 500 2000 0.47 2000 0.040 - -
each node. The FE model of the slab is coupled to a BE model for the soil, considering welded boundary conditions
at the interface between both models. The boundary elements are 4-node quadrilateral elements with linear shape
functions. Chosing a conforming BE mesh provides at least six boundary elements per wavelength up to 400 Hz, as
recommended by Kuhlemeyer and Lysmer [25]. This is sufficient to cover the frequency range of interest for ground
borne vibration generated by the pavement breaker. The impact is applied as a point load on the FE slab model and
the dynamic stiffness is computed as the ratio of the applied force and the displacement of the loaded node.
In the 3D model, the dynamic stiffness of the pavement depends on the position where the load is applied. Figure
2 compares the real and imaginary part of the dynamic stiffness ˆS(ω) computed with the simplified model to the
dynamic stiffness computed with the 3D FE-BE model for a load at the centre of the slab xs = {0,0, tr}T, at a point
near the edge of the slab xs = {0.75m,0, tr}T, and at a point near the corner of the slab xs = {0.75m,2.0m, tr}T.
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Figure 2: (a) Real and (b) imaginary part of the dynamic stiffness ˆS(ω) of the pavement computed with the layered halfspace model (thin solid
line) and the 3D FE-BE model for a load at the centre of the slab xs = {0,0,tr}T (dashed line), near the edge xs = {0.75m,0,tr}T (dashed-dotted
line), and near the corner xs = {0.75m,2.0m,tr}T (dotted line). Superimposed on (a) is the mass inertia mdω2 of the drop hammer (thick line).
At very low frequencies, the results for the layered halfspace model and the 3D finite slab model are very close,
in particular when, in the latter model, the load is applied at the centre of the slab or near the edge. Up to 400 Hz, the
results of the layered halfspace model and the 3D model are in close agreement, except when the load is applied at the
corner of the slab. Since the impact force in equation (8) depends on the sum of the dynamic stiffness of the pavement
ˆS(ω) and the inertia of the drop hammer −mdω2, differences in the results for the dynamic stiffness will only affect
the predicted impact force when they are large compared to the inertia of the drop hammer. Therefore, the absolute
value of the inertia −mdω2 of the drop hammer has been superimposed in figure 2a. These results show that, at high
frequencies, the inertia of the drop hammer becomes more important than differences observed between the results
of the different models and load positions. The simplified layered halfspace model is therefore used to calculate the
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impact force of the drop hammers.
2.5. Experimental validation of the predicted impact load
In order to estimate the impact force, the recorded acceleration of the drop hammer is multiplied by its mass md,
following equation (2). Figure 3 compares the experimental impact force with the force predicted by the simplified
pavement model. Figure 3a shows that the duration of the impact is well predicted while the peak value of the force
is slightly overestimated. Figure 3b shows that the frequency content of the experimental force is mainly situated
below 900Hz. The dip at 900Hz is related to the impact duration td as 2/td ≈ 900Hz. The predicted force follows a
similar trend as the experimental force. In the narrow band frequency spectrum of the measured force, sharp peaks
are observed around 1100Hz and 2400Hz which correspond to the natural vibration modes of the drop hammer [11].
Since a rigid mass model has been adopted for the calculation of the impact force, these peaks are not found in
the predicted force. In general, the agreement between both results is considered satisfactory and the impact load
computed by the simplified model is used next to predict ground vibrations induced by the MHB.
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Figure 3: Predicted (black line) and measured (grey line) (a) time history and (b) narrow band frequency spectrum of the impact force.
3. Prediction of ground vibrations
3.1. Introduction
The prediction of ground vibration due to the operation of the MHB is a challenging problem because of the high
stress and strain levels that are generated in the pavement and the underlying soil. A first issue to be considered in
the development of a numerical model is the fracturing of the concrete due to the pavement breaker. The aim of the
fracturing is to transform the deteriorated concrete pavement into a suitable foundation for the asphalt overlay. The
drop height is therefore chosen such that the pavement is broken into pieces of about 1m2, separated by hairline cracks,
without significant crushing of concrete. In these fine cracks, aggregate interlock still occurs [26] and fracturing is
not expected to significantly affect the distribution of the impact load by the pavement, nor the resulting levels of
ground vibration. This was confirmed by measurements were no large differences were found in ground vibration
levels generated by eight consecutive impacts at four points of a single concrete slab. The entire unfractured slab is
therefore considered in the model [11].
The energy dissipated by the fracturing of the concrete was estimated based on the crack pattern observed during
the operation of the MHB and fracture energy estimates for similar cases reported in the literature [27, 28]. It was
concluded that at most 10% of the impact energy would go to the fracturing of the concrete, implying that most of the
energy is transferred into the soil. For this reason, the energy dissipated by concrete fracturing and inelastic behaviour
of the concrete slab are disregarded in the model.
6
The impact loads transferred by the concrete slab to the soil lead to very high strain levels of the order of a few
millistrain [22]. Plastic deformation is expected to occur in a rather large volume of soil underneath the concrete slab,
dissipating a significant part of the impact energy. A non-linear model is therefore needed that accounts for inelastic
soil behaviour.
3.2. Methodology
Inelastic soil behaviour will mainly occur close to the concrete slab, while further away, the strain levels will be
sufficiently small to remain within the elastic range. A distinction is therefore made between two subdomains Ωi and
Ωe (figure 4a). The subdomain Ωi consists of the slab and the volume of soil with inelastic behaviour; it is bounded
by the free surface Γiσ. The subdomain Ωe is the halfspace of soil with elastic behaviour, bounded by the free surface
Γeσ and the outer boundary Γe∞. The interface between the subdomains Ωi and Ωe is denoted as Σie.
It is advantageous from a computational point of view to perform the analysis in two stages. In the first stage, the
domain Ω1 is considered which contains the concrete slab and a bounded volume of soil, including the subdomain
Ωi with inelastic soil behaviour (figure 4b). The domain Ω1 is bounded by the free surface Γ1σ and the boundary Γv,
which is chosen such that a path Σ can be defined in the part of Ω1 with elastic soil behaviour. In order to account for
non-linear behaviour of the soil in Ω1, a time domain FE method with local absorbing boundary conditions along the
boundary Γv is used in the first stage of the analysis [29, 12].
In the second stage of the analysis, the displacements and tractions computed along the path Σ are used to predict
the transfer of ground vibration in the region of soil with elastic behaviour. The second model consists of the halfspace
Ωs, bounded by the free surface Γsσ and the outer boundary Γs∞ (figure 4c). The integral representation theorem of
elastodynamics is used to compute the response of the domain outside Σ from the displacements and tractions along
Σ. A frequency domain boundary element method is applied for this purpose.
In the following, a numerical verification of the two-step approach for a linear analysis is presented first. Next, the
non-linear model used for the prediction of ground vibration due to the pavement breaker is discussed and the results
are compared to measured ground vibration.
3.3. Numerical verification for linear elastic soil behaviour
In the following, the proposed two-stage approach is verified assuming elastic soil behaviour. The slab is not
included in the model to enable comparison to a reference solution for a layered halfspace obtained by means of
the direct stiffness method [16, 17, 18]. The two-stage approach is verified by comparing the response of both
models obtained for the predicted impact load of the MHB (figure 3). Since elastic soil behaviour is assumed, the
relevant material properties of each layer are the wave velocities Cs and Cp, the corresponding material damping
ratios βp and βs, and the density ρ listed in table 1. The material damping ratios correspond to a hysteretic damping
model which provides a good fit to experimental results in the frequency domain but violates causality. Therefore,
an equivalent viscous damping is considered for each layer. The element damping matrix Ce is calculated from the
element stiffness matrix Ke through a multiplier ηe, so that Ce = ηe Ke. The multiplier ηe is calculated from the
hysteretic material damping ratio β of each layer as ηe = 2β/ω0, where ω0 is a normalization frequency at which
the energy dissipation in both models is identical. A low normalisation frequency ω0 leads to a stronger attenuation
of the high frequency response in comparison to the hysteretic material damping model while a high normalisation
frequency leads to an underestimation of energy dissipation at low frequencies. In the present analysis, a normalization
frequency ω0/(2pi) = 100Hz is chosen. In the frequency domain reference solution obtained by means of the direct
stiffness method [16, 17, 18], the material damping ratio βs and βp of the shear and dilatational waves, respectively,
are chosen frequency dependent βs = βp = (ηeω)/2, corresponding to the viscous damping in the FE model.
An axisymmetric FE model of the soil is considered to reduce the computational costs. The axisymmetric FE
model has a width Bs = 6m and a depth Ds = 8.1m. The material properties are chosen according to the first four
layers of the soil profile in table 1, disregarding changes in the soil properties below 8.1 m. The soil domain is
modelled in ANSYS using 8-node quadrilateral elements (figure 6a), where a distinction is made between a near field
zone with a target element size of 0.02m and a far field zone with an element size of 0.06m. In addition, a local mesh
refinement has been considered around the load point. The resulting mesh provides at least 4 elements per wavelength
upto a frequency of 500Hz.
The impact force is applied considering an impact footprint with a radius df/2 = 0.065m.
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Figure 4: (a) Coupled inelastic and elastic subdomains Ωi ∪Ωe, (b) the inelastic region and a part of the elastic domain Ω1 coupled to the local
absorbing boundary Γv, and (c) the elastic halfspace Ωs.
At the boundaries of the FE mesh, local absorbing boundary conditions are applied to avoid spurious reflections.
This is achieved through the use of viscous dampers parallel and perpendicular to the boundary in order to absorb
shear and dilatational waves, respectively.
The solution is obtained by means of a direct time integration in ANSYS, assuming linear displacements. A
Newmark time integration method is selected with parameters α = 0.2525 and δ = 0.5050.
The displacements up(t) and tractions tp(t) along the path Σ inside the FE domain (figure 4c) are now used to
compute the response at larger distance from the source. The path Σ is chosen at a distance Bb = 4m from the vertical
axis and at a depth Db = 5m. The integral representation theorem is used to compute the radiated wave field uˆ(ω) in
the domain Ωs from the Fourier transform of the displacements uˆp(ω) and tractions ˆtp(ω):
uˆ(ω) = ˆUr (ω) ˆts (ω)− ˆTr (ω) uˆs (ω) (9)
where ˆUr (ω) and ˆTr (ω) are boundary element transfer matrices based on the Green’s functions of a horizontally
layered halfspace. The Green’s functions are computed using the direct stiffness method [16, 17, 18], assuming
hysteretic material damping. The boundary element discretisation consists of 3-node line elements with quadratic
shape functions. The boundary elements have a size of 0.08m which is similar to the finite elements located along the
path Σ. Since a non-conforming BE mesh is used, the displacements and tractions on the BE mesh are computed by
interpolation.
Figure 5 compares the vertical velocity predicted using the two-stage approach to the results of the direct stiffness
method at a receiver x = {2m,0,−2}T located inside the FE domain and a receiver x = {10m,0,0}T at the soil’s
surface outside the FE domain. The response at the first point is found from the FE model, while the integral represen-
tation theorem (9) is applied to compute the response at the second point. Figure 5 shows that the agreement between
the results of the finite element model and the direct stiffness method is very good.
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Figure 5: Time history of the vertical velocity at (a) x = {2m,0,−2m}T and (b) x = {10m,0,0}T due to an impact of the MHB on the soil surface
computed with the FE and the accompanying BE model (black line) compared to the results of the direct stiffness method assuming a frequency
dependent damping (grey line).
3.4. Non-linear model
This subsection describes the non-linear model that has been used to account for inelastic soil behaviour in the
prediction of the ground vibration generated by the MHB. Because of the limited information available on strength
parameters for the soil, the inelastic soil behaviour is modelled by the Drucker-Prager yield criterion with a non-
associative flow rule, assuming elastic-perfectly plastic constitutive behaviour. The use of more advanced models
[30, 31, 32] would allow to better describe the dynamic response of the soil underneath the foundation, but require a
large number of material parameters. The available soil parameters, including elastic and limit state soil parameters
is presented in table 1. Since the shear strength depends on the normal stresses in the soil, the self weight of the slab
and the soil are considered in the analysis. The slab is assumed to have a circular shape to obtain an axisymmetric
problem geometry. The FE model is composed of the slab and a cylinder of soil with a radius Bs = 6m and a height
Ds = 8.1m. The dimensions of the soil domain have been estimated from preliminary analyses. The domain is meshed
using 8-node quadrilateral elements in ANSYS. A similar mesh is used as for the linear analysis, considering a near
field zone (including the slab) with a target element size of 0.033m and a far field zone with an element size of 0.10m
(figure 6b). In addition, a local mesh refinement has been considered around the load point. The damping matrix Ce
of the elements is computed assuming Rayleigh damping. Since the main source of energy dissipation is the inelastic
material behaviour, a high normalisation frequency ω0/(2pi) = 200Hz is chosen to compute ηe = 2β/ω0 in each soil
layer. At the truncated boundaries of the soil domain, local absorbing boundary conditions are applied.
Preliminary analyses assuming perfect contact between the slab and the soil resulted in unrealistic tensile stresses
at the interface, revealing a tendency of slab uplifting. In order to account for separation of the slab and the soil
during the impact, the contact-target pair model [33, 34] is employed. On the slab-soil interface, the bottom surface
of the slab is modelled with 3-node 2D target elements (TARGE169) and 3-node 2D contact elements (CONTA172)
are used on the soil surface with the default ANSYS key options. The surface-to-surface contact model includes
both the normal pressure and frictional stresses and allows sliding and separation of the contacting surfaces, where
a friction coefficient µ = 0.4 is considered. The contact problem is solved by means of the augmented Lagrangian
method [33, 34]. This is an iterative method where the contact tractions are augmented at each iteration so that the
final penetration is smaller than an allowable tolerance. The tolerance was chosen such that the final penetration was
less than 1% of the height of the quadrilateral plane elements below the contact surface.
The response of the soil is computed in two steps. First, the self-weight of the soil is applied. The solution
is found in ANSYS using a static large displacement analysis with standard solution control options. In a second
step, the impact load is applied and a direct time integration with Newmark parameters α = 0.2525 and δ = 0.5050
is performed, accounting for large displacements. Automatic time stepping is activated, with an initial time step
∆t0 = 10−4 s that is allowed to vary between ∆tmin = 10−6 s and ∆tmax = 5× 10−4 s. A standard Newton-Raphson
iteration with line search convergence acceleration is selected for the solution of the non-linear equilibrium in each
time step, limiting the number of iterations to Nmaxiter = 30.
The integral representation theorem (9) is used to compute the response at larger distances from the displacements
and tractions along a path Σ at a distance Bb = 4m and depth Db = 5m. In the FE analysis, the self weight of the
9
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Figure 6: Axisymmetric FE mesh of (a) the layered halfspace used for the numerical verification of the linear elastic soil behaviour and (b) the slab
founded on the layered halfspace used for the calculation of the non-linear soil response.
soil is accounted for, so that the initial displacements and tractions, prior to the impact, are non-zero. The permanent
displacements and tractions after the impact differ from these initial values due to the inelastic behaviour of the soil.
Computation of the radiated wave field using equation (9) requires a Fourier transform of the displacements and
tractions at Σ. When a Fast Fourier Transform algorithm is applied, these response quantities are assumed to be
periodic in time and the initial and final values need to be identical to avoid a step-wise change. This was enforced
using a time window to gradually change the final values to their initial values. The time window applied is the
modulus of the transfer function of a second order Butterworth filter with a cut-off at 0.7T with T the time period.
3.5. Results
In the analysis, the self weight of the slab and the soil is applied first. Figure 7a shows the displacement field in
the slab and the soil before the impact (at t = 1.000s). Figure 8a shows the corresponding normal stress σzz in the
slab and the soil which gradually increases with depth due to the self weight.
The impact load (figure 3) is applied 1ms after the application of the self weight, from t = 1.001s until t = 1.003s.
Snap shots of the displacement field at times t = 1.003s, t = 1.008s, and 1.500s are shown in figures 7b, 7c, and 7d,
respectively. The slab first moves downwards due to the impact (figure 7b), inducing permanent deformation of the
soil, and lifts up (figure 7c). After some time, the slab returns to the soil surface and rebounds. Finally, the edges of
the slab rest on the deformed surface of the soil while a void forms under the location of the impact (figure 7d). The
impact leads to permanent vertical displacements of the slab and the soil under the slab of −0.22mm and −2.99mm,
respectively. Figure 8b shows that the impact changes the stress distribution near the slab with residual stresses below
the slab due to the inelastic behaviour of the soil.
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Figure 7: Displacement field in the slab and the soil at (a) t = 1.0s, (b) t = 1.003s, (c) t = 1.008s, and (d) t = 1.500s due to an impact of the MHB.
The displacements are scaled by a factor of 100.
Figure 9 shows snap shots of the vertical velocity in the FE domain at t = 1.003s (after the impact) and t = 1.008s.
Vibration velocities superior to 50mm/s are found in the entire domain. No significant wave reflections from the local
absorbing conditions are observed.
Figure 10 shows the volume of soil where plastic deformation occurs due to the impact. The plastic deformation
in the soil is mainly concentrated under the slab. The path Σ which is assumed to be located in the region with elastic
material behaviour slightly cuts through the plastic region. The level of plastic deformation in this region is very
small, however, so that this will not significantly affect the prediction of vibration at larger distances from the source
in the second stage of the analysis. The sudden change at a depth of 1.6m occurs at the interface between layers.
Figure 11 shows the elastic and plastic part of the octahedral shear strain in the volume of soil considered in the
FE analysis. The shear strain is mostly elastic down to 0.2m under the centre of the slab. Here, the confining pressure
is also very large, so that the soil behaviour is elastic according to the Drucker-Prager criterion. At a larger depth of
about 0.6m below the slab as well as near the edge of the slab, the deformations are mostly plastic. The octahedral
shear strain in the soil domain is less than 0.007 except under the edge of the slab where stresses and strains are very
large.
Figure 12 shows the square root of the second deviatoric stress invariant I2s versus the mean pressure I1σ at 9
points in the soil domain, located at depths z = 0,−0.5m, and −1.5m and radial distances x = 0.1m,1.0m, and 1.5m.
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Figure 8: Predicted normal stress σzz in the slab and the soil (a) before and (b) after the impact.
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Figure 9: Vertical vibration velocity at (a) t = 1.003s and (b) t = 1.008s generated by an impact of the MHB.
Figure 10: Elastic region (grey) and plastic region (black) in the FE domain due to an impact of the MHB. Superimposed is the position of the path
Σ (thick line).
Figure 12a shows that I1σ at x = {0.1m,0,0}T reaches a value of 1700 kPa while
√
I2s is about 340kPa. The ratio√
I2s/I1σ is small which, according to the Drucker-Prager yield criterion, results in large elastic and small plastic
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Figure 11: (a) Elastic and (b) plastic part of the octahedral shear strain due to an impact of the MHB.
deformation (figures 11a and 11b). Figure 12b shows that the stress conditions at x = {1m,0,0}T are similar to those
at x = {0.1m,0,0}T. Near the edge of the slab at x = {1.5m,0,0}T (figure 12c), the deviatoric stress is much larger
than the mean pressure because the point is at the free surface of the soil. This results in large plastic strains. The
points at the depth z = −0.5m (figures 12d and 12e) are subjected to large shear stresses, leading to large plastic
strains (figure 11b). At the depth z = −1.5m, the ratio √I2s/I1σ is small and thus the plastic strains are small. For
all points except the point {1.5m,0,0}T near the edge of the slab, the mean pressure is found to increase as P-waves
arrive, while a slight increase of the shear stresses is observed. This does not result in yielding of the soil. Next, the
S-waves arrive which results in large shear stresses and, consequently, plastic deformation.
3.6. Experimental validation
Figure 13 compares the predicted and measured vertical ground vibration velocity. As a reference, results from
a linear model which disregards inelastic soil behaviour and slab uplifting are shown as well. In the experimental as
well as numerical results, the arrival of different types of waves is observed. This becomes particularly clear in the
time history of the vibration velocity at larger distances from the source. The first part of the response is due to fast
travelling P-waves while S- and surface waves follow next. The response due to the P-waves is generally characterized
by oscillations at smaller time scales than the response due to surface waves. Comparing the results of the non-linear
model to the experimental results shows that the wave arrival times are well predicted. The amplitudes of the P-waves
are generally overestimated, however, while the amplitudes of the surface waves are underestimated, in particular at
larger distances from the source. This is reflected in the frequency domain by overestimation of the experimental
results at high frequencies and underestimation at low frequencies and large distances from the source. Additional
calculations, not included here, have shown that the underestimation of the response associated with the surface waves
may be caused by the overestimation of the material damping ratios of the deep soil layers [22, 23].
Comparing the results of the non-linear and linear models in figure 13 shows that the linear model generally
predicts smaller amplitudes for the P-waves than the non-linear model. The most significant difference between both
results is found at 5 m from the source where the non-linear model is clearly much more accurate than the linear model.
At larger distances from the soil, the results from both models are reasonably close to each other. This confirms that
the discrepancy between the experimental and numerical results at larger distances is mainly due to discrepancies in
the prediction of elastic wave propagation. These results suggest that linear models may be used to predict ground
vibration at sufficiently large distances from the source, while a non-linear model is needed close to the source to
effectively estimate energy dissipation.
4. Conclusions
This paper presents a numerical model for the prediction of ground vibration generated by the operation of a
pavement breaker. First, a numerical model is developed for the prediction of the impact load due to a single blow of
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Figure 12: Square root of the second deviatoric stress invariant I2s versus the mean pressure I1σ at (a) x = {0.1m,0,0}T , (b) x = {1m,0,0}T ,
(c) x = {1.5m,0,0}T , (d) x = {0.1m,0,−0.5m}T, (e) x = {1m,0,−0.5m}T, (f) x = {1.5m,0,−0.5m}T, (g) x = {0.1m,0,−1.5m}T, (h) x =
{1m,0,−1.5m}T, (i) x = {1.5m,0,−1.5m}T due to an impact of the MHB. The stress path is shown from time t = 1.000s (black) till t = 1.100s
(grey). Superimposed is the yield surface (thick grey line).
the pavement breaker. The flexibility of the pavement is accounted for in the calculation by means of a layered elastic
halfspace model representing the pavement and the soil. A good agreement is found between the predicted impact
force and experimental result obtained from accelerations measured on the drop hammer of a pavement breaker.
Second, the load is used to predict ground vibrations generated by the impacts of the pavement breaker. The prediction
of ground vibration is performed in two stages. In the first stage, a non-linear time domain FE model that accounts for
inelastic soil behaviour and slab uplifting is used to predict the soil response close to the source. In the second stage,
the response computed by the FE model along an elastic path in the soil is used to compute response at larger distances
from the source. For this purpose, the displacements and tractions along the elastic path are transformed into the
frequency domain and introduced in the integral representation theorem. A reasonable agreement is obtained between
the results of the nonlinear model and ground vibrations measured during the operation of a MHB. Accounting for
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inelastic soil behaviour and slab uplifting is particularly important for predicting response close to the source. At
larger distances, results from the non-linear and linear model considered are fairly similar.
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Figure 13: Time history (left) and narrow band frequency spectrum (right) of the vertical vibration velocity at (a) 5m, (b) 25m, (c) 57m, and (d)
105m from the road due to an impact of the MHB predicted with the non-linear (solid black line) and linear (dashed black line) model compared
with the experimental results (grey line).
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